The Clavariaceae is a diverse family of mushroom-forming fungi composed of species that produce simple clubs, coralloid, lamellate-stipitate, hydnoid and resupinate sporocarps. Here we present a systematic and ecological overview of the Clavariaceae based on phylogenetic analysis of sequences of the nuclear large subunit ribosomal RNA (nLSU), including nine from type collections. Forty-seven sequences from sporocarps of diverse taxa across the Clavariaceae were merged with 243 environmental sequences from GenBank and analyzed phylogenetically to determine major clades within the family. Four major clades or lineages were recovered: (i) Mucronella, (ii) Ramariopsis-Clavulinopsis, (iii) Hyphodontiella and (iv) Clavaria-Camarophyllopsis-Clavicorona. Clavaria is paraphyletic, within which the lamellate and pileate-stipitate genus Camarophyllopsis is derived and composed of two independent lineages. The monotypic genus Clavicorona also appears nested within Clavaria. The monophyly of Clavaria and Camarophyllopsis, however, cannot be statistically rejected. We compared differing classification schemes for the genera Ramariopsis and Clavulinopsis, most of which are inconsistent with the molecular phylogeny and are statistically rejected. Scytinopogon, a genus classified in the Clavariaceae by several authors, shares phylogenetic affinities with the Trechisporales. Overall 126 molecular operational taxonomic units can be recognized in the Clavariaceae, roughly half of which are known only from environmental sequences, an estimate that exceeds the known number of species in the family. Stable isotope ratios of carbon and nitrogen were measured from specimens representing most major phylogenetic lineages to predict trophic strategies. These results suggest that most non-lignicolous species feature a biotrophic mode of nutrition. Ancestral state reconstruction analysis highlights the taxonomic significance of at least nine morphological traits at various depths in the family tree.
INTRODUCTION
Members of the Clavariaceae (Agaricales) produce a wide variety of sporocarp structures including pendant-hydnoid, cylindrical, clavate, coralloid, resupinate, and lamellate-stipitate sporocarps (FIGS. 1-5). When first employed the genus Clavaria Vaill. ex L. and subsequently the family Clavariaceae Chevall. included mostly fleshy club-to coral-shaped fungi and eventually was placed in the highly polyphyletic order Aphyllophorales Rea (Rea 1922) . Approximately 80 generic names have been associated with the Clavariaceae (Donk 1964) , but the family has been gradually pruned of many genera and species, creating a more natural assemblage of taxa (viz. Corner 1950) .
The Clavariaceae was first shown to have affinities with the Agaricales by Pine et al. (1999) using nuclear and mitochondrial ribosomal RNA loci but with few species sampled. The combination of Clavaria, Clavulinopsis Overeem and Mucronella Fr. later was indicated as a monophyletic group by Larrson et al. (2004) . Dentinger and McLaughlin (2006) included the type of Clavulinopsis (Cu. sulcata Overeem) in their phylogenetic analysis and recovered a highly supported, monophyletic Clavariaceae including Clavaria, Ramariopsis (Donk) Corner, and Mucronella. Matheny et al. (2006) demonstrated that the pileatelamellate genus Camarophyllopsis Herink belonged in the Clavariaceae instead of the Hygrophoraceae Lotsy as classified by Arnolds (1986) , Boertmann (2002) , and Hesler and Smith (1963) . The resupinate woodinhabiting genus Hyphodontiella Å Strid was shown to belong in the Clavariaceae by Larsson (2007) , increasing the number of genera in the family to six.
None of the previous phylogenetic studies integrated all six known genera in a comprehensive analysis, and intrafamilial relationships have yet to be assessed. Furthermore, relationships of the genera Clavicorona Doty sensu stricto (excluding Artomyces Jü lich) and Scytinopogon Singer to the Clavariaceae have not been explored, both of which produce coralloid sporocarps superficially similar to species of Ramariopis and Clavaria. Clavicorona and Scytinopogon have been classified in the Clavariaceae historically, but alternative classifications have been suggested (Hydnodontaceae by Jü lich 1981 or the ''Thelephoroid-series'' by Corner 1950) . Taxonomic disagreements over the relationships among the genera Clavaria, Clavulinopsis and Ramariopsis have not been settled (TABLE I) . All discussion of Clavaria and Clavulinopsis sensu Corner exclude taxa removed and placed in Multiclavula R.H. Petersen (Petersen 1967) . While Dentinger and McLaughlin (2006) provided insights into the usefulness of some morphological characters to identify natural assemblages of taxa, we seek to increase taxon sampling, including incorporation of numerous molecular sequence data from the environment, to provide a more inclusive overview of phylogenetic relationships within the Clavariaceae. Dense taxon sampling has been demonstrated to improve accuracy of phylogenetic estimates based on multiple lines of evidence (Heath et al. 2008) .
The ecological or trophic status of members of the family is wrought with conflicting reports in the literature. The Clavariaceae has been reported as mycorrhizal (Trappe 1962; Seviour et al. 1973; Englander and Hull 1980; Burke et al. 2005 Burke et al. , 2006 , saprotrophic (Rinaldi et al. 2008 , Tedersoo et al. 2010 , or possibly with an unknown biotrophic nutritional mode (Tedersoo et al. 2010) . Phylogenetic analysis of environmental samples combined with stable isotope analysis can provide strong support for or against a biotrophic strategy (Hobbie et al. 1999; Nilsson et al. 2005; Ryberg et al. 2008 Ryberg et al. , 2009 Mayor et al. 2009; Seitzman et al. 2011 ). These tools have not been widely applied to members of the Clavariaceae (Griffith et al. 2002) , especially to species from forested habitats.
The ratios of heavy to light ( [%] values relative to standards) in fungal sporocarps contain useful information regarding the acquisition, transformation and export of C and N during fungal growth. This is because nutritional differences among saprotrophic (SAP) and ectomycorrhizal (ECM) fungi are reflected in changes to the isotope ratios (e.g. isotopic fractionation) resulting from unique pathways of C and N cycling. For instance, ECM fungi receive recent photosynthetic C that is more 13 C-depleted relative to the variable mixtures of plant material available for decomposition by SAP fungi (Gebauer and Dietrich 1993 , Gleixner et al. 1993 , Henn and Chapela 2001 , Baldocchi and Bowling 2003 , Marshal et al. 2007 , Bowling et al. 2008 Corner (1950 Corner ( , 1970 , Petersen (1978) and Jü lich (1985) The spores of Clavulinopsis helvola (Pers. : Fr.) Corner are considered smooth based on Pegler and Young (1985) .
SAP fungi because assimilation and transfer of 15 Ndepleted N forms to host plants leaves 15 N-enriched N to build fungal cell walls (Hobbie et al. 1999 (Hobbie et al. , 2005 Hö gberg et al. 1999a, b) . These patterns have been described from numerous taxonomic groups of fungi across the globe (Mayor et al. 2009 and references therein) and here are extended to the Clavariaceae.
Our research objectives were to (i) reconstruct a molecular phylogeny of the Clavariaceae blending nLSU sequences from specimen vouchers with those recovered from the environment, (ii) perform ancestral state reconstructions on morphological characters used in Clavariaceae taxonomy and highlight characters consistent with recovery of clades at various phylogenetic depths, and (iii) predict trophic strategies across the family based on analysis of C and Nstable isotope signatures and unidentified environmental sequences.
MATERIALS AND METHODS
Taxon sampling.-Effort was made to sample from diverse taxonomically recognized groups, including where possible representatives of generic and subgeneric nomenclatural types. While many species of Clavariaceae occur or are known only from the tropics, our sampling strategy relied primarily on specimens collected in the north and south temperate zones. Nine taxonomic type specimens deposited at TENN (herbarium abbreviations per Thiers [continuously updated]) were specifically targeted for sequencing. Morphological characters are provided for specimens examined by the authors or are taken from the literature (e.g. Corner 1950 , Petersen 1988 for sequences deposited in GenBank.
Sequences from environmental samples can be informative in ecological and phylogenetic contexts (Ryberg et al. 2008 , Nilsson et al. 2011 . All fungal nuclear large subunit ribosomal RNA sequences (nLSU) were downloaded from GenBank (Benson et al. 2011) in Apr 2011 to glean sequences with affinities to the Clavariaceae. Insufficiently identified sequences (IIS) were separated from fully identified sequences (FIS) according to criteria used by the web tool emerencia (www.emerencia.org; Nilsson et al. 2005) . Each IIS was compared for similarity with the FIS using BLAST (Altschul et al. 1990) . A Perl script was used to parse from the BLAST output all IIS with a FIS belonging to Camarophyllopsis, Clavaria, Clavicorona taxophila (Thom) Doty, Clavulinopsis, Hyphodontiella, Mucronella and Ramariopsis as the most similar sequence. All sequences used for phylogenetic analysis in this study are included (SUPPLE-MENTARY TABLE I).
DNA extractions, PCR and sequencing.-Dried tissue samples, 10-30 mg, were excised and ground in liquid nitrogen with a micropestle and sand in a 1.5 mL microtube. DNA extractions were performed with an E.Z.N.A.H Fungal DNA Kit (Omega Bio-Tek, Norcross, Georgia) for specimens fewer than 20 years old. A high performance kit, E.Z.N.A.H HP Fungal DNA Kit (Omega Bio-Tek, Norcross, Georgia), was used on older specimens, particularly type specimens to reduce the degree of destructive sampling and increase chances of attaining PCR products. The isolated genomic DNA was diluted in two successive 1 : 10 sterile water solutions.
Primers pairs LR0R-LR7, LR0R-LR5, or LR0R-LR16 were used to amplify the 59-end of nLSU region on a Bio-Rad C1000 thermal cycler (Bio-Rad, Hercules, California). A mixture of sterile water and 53 buffer, GoTaq and dNTPs supplied by Invitrogen Corp. (Carlsbad, California) was prepared for each dilution of DNA and controls following manufacturer protocols. PCR conditions followed that of White et al. (1990) . PCR products were viewed on a 1.0% agarose gel prepared with ethidium bromide and a UV transilluminator. Amplified LSU products were cleaned with a QIAquick PCR purification kit (QIAGEN, Valencia, California) .
Sequence reactions were performed with a BigDye Terminator 3.1-cycle sequencing kit (Applied Biosystems, Foster City, California) and purified with Sephadex G-50 columns (General Electric Healthcare, Piscataway, New Jersey) using separator strips manufactured by Princeton Separations (Freehold, New Jersey). Sequencing was performed on an ABI 3730 48-capillary electrophoresis genetic analyzer at the Molecular Biology Resource Facility at the University of Tennessee. Sequence chromatograms were inspected and edited with Sequencher 4.9 software (Gene Codes Corp., Ann Arbor, Michigan).
Phylogenetic analyses.-Forty-seven newly produced nLSU sequences were verified against potential contaminants in GenBank using BLAST (Altschul et al. 1990 ) and aligned with 33 sequences annotated as belonging to genera or clades of Clavariaceae. We refer to this dataset as our initial alignment. A second alignment was created in CLUSTAL X (Larkin et al. 2007 ) to include 243 environmental sequences filtered as Clavariaceae by a BLAST procedure. Anomoporia bombycina (Fr. : Fr.) Pouzar, Anomoporia kamtschatica (Parmasto) Bondartseva, Plicaturopsis crispa (Pers. : Fr.) D.A. Reid and Podoserpula pusio (Berk.) D.A. Reid (Amylocorticiales Larrson, Binder & Hibbett) were used as outgroup taxa for both datasets based on Binder et al. (2010) . Representative nLSU sequences of the Trechisporales K.H. Larss. from GenBank were aligned in CLUSTAL X with a sequence of Scytinopogon angulisporus (Pat. & Galliard) Corner and with two sequences of Phlebiella P. Karst. as outgroups. Minor adjustments to alignments were made in MacClade 4.08 (Maddison and Maddison 2005) as well as the removal of ambiguously aligned sites and a homologous group 1 intron that was present in some taxa in the Clavariaceae dataset. Alignments are available on TreeBASE (12414). jModelTest (Posada 2008 ) was used to determine the best-fit model of molecular evolution. Sequence data matrices then were analyzed by maximum likelihood (ML) with RAxML 7.2.3 (Stamatakis et al. 2008) with 1000 rapid ML bootstraps. The Shimodaira-Hasegawa test (SH test; Shimodaira and Hasegawa 1999) was performed in RAxML 7.2.3 (Stamatakis et al. 2008 ) on the dataset of vouchered specimens to test for monophyly of various topological constraints.
Ancestral state reconstruction (ASR) analyses.-Maximum likelihood (ML) ancestral state reconstruction analyses were performed in Mesquite 2.75 (Madison 2011) with the Mk1 model on the ML tree produced from our initial alignment to determine potential synapomorphic traits in the Clavariaceae. Eleven morphological and anatomical characters and character states were analyzed based on their importance stressed by systematic works (Corner 1950 , Petersen 1978 . Of these 11 characters, three are quantitative. To determine their states in a justifiable manner (Matheny and Kropp 2001) , we calculated mean averages for each trait from 80 representatives in our phylogenetic analyses. Histograms were produced to examine the distribution of troughs in the data. These then were used as boundaries to determine character states. If no troughs could be identified, we used the median value of the distribution as a boundary to establish two character states.
Here are the 11 characters and states we considered: (i) trama clamp connections (present/absent); (ii) spore-wall chemistry (amyloid/inamyloid); (iii) basidia base (clamped/bifurcating/simple septate); (iv) size of basidia (,23 mm, short; 23-38 mm, medium; .38 mm, long); (v) apicular prominence (small/medium/large); (vi) spore surface (smooth/echinulate/roughened); (vii) mean spore length (,5.8 mm, short; .5.8 mm, long); (viii) mean spore shape (Q , 1.29, globose to subglobose to broadly ellipsoid; Q . 1.29, elliptic to oblong); (ix) FeSO4 reaction to sporocarp tissue (negative/positive[green to blue-green]/ unknown); (x) color of sporocarps (white/gray/yellow/ orange/red/pink/purple); (xi) sporocarp morphology (simple/branched/agaricoid/resupinate/truncate/inflated/pendant).
Stable isotope analysis.-To predict the likely nutritional mode of targeted fungal taxa in the Clavariaceae from every major lineage (excluding Hyphodontiella) and other taxa (see SUPPLEMENTARY TABLE II for specimens), we applied a discriminant multivariate analysis using fungal d 15 N and d 13 C isotope values and collector-based categorizations of nutritional mode (ECM vs. SAP) detailed in Mayor et al. (2009) . Briefly, probabilities of categorical assignment were set proportional to occurrence and a pooled variance quadratic function was used because the assumption of equivalent covariance among variables was not met. In total, the discriminant model was ''trained'' using nutritional categorizations of 869 fungal sporocarp tissue samples previously published or detailed in Mayor et al. (2009) with the addition of a dataset containing archived Ramaria spp. from multiple, largely European, locations (Agerer et al. 2012) .
Isotope analyses were conducted on ground and dried sporocarp tissue at the Smithsonian Tropical Research Institute's mass spectrometry facility on a Flash 1112 Series Elemental Analyzer (Costech Analytical Technologies) coupled to a Delta V Advantage (Thermo Scientific) continuous flow (Finnigan Conflo III) isotope ratio mass spectrometer. Based on three internal standards, run error rates were 0.14%, and analytical error rates for four of the fungal species analyzed in triplicate had an average standard error of 0.06.
RESULTS
Major clades and lineages of the clavariaceae.-A GTR+GAMMA+I model was selected as best fit to the initial nLSU alignment. The same model of molecular evolution was applied to the more taxonomically inclusive environmental dataset. No differences in topology of major clades were detected between analyses.
Clavariaceae is monophyletic including the genera Camarophyllopsis, Clavaria, Clavicorona, Clavulinopsis, Hyphodontiella, Mucronella and Ramariopsis (FIG. 6 ). An nLSU sequence of Scytinopogon angulisporus yielded sequences with BLAST similarities most closely to species of Trechisporales. A phylogenetic analysis of this dataset revealed S. angulisporus to be nested among 15 species of the genus Trechispora but with poor bootstrap support (FIG. 7) .
Four major well supported clades or lineages were recovered and are labeled clade 1 (Mucronella), clade 2 (Clavulinopsis + Ramariopsis), lineage 3 (Hyphodontiella, a single stem lineage) and clade 4 (including a paraphyletic Clavaria, a polyphyletic Camarophyllopsis and a single stem lineage Clavicorona) (FIG. 6) . One hundred twenty-six molecular operational taxonomic units (MOTUs) can be inferred from our analysis, 60 of which are composed solely of environmental samples. Only 10 MOTUs comprise sequences from both environmental and identified samples, and three represent plant root samples.
Within clades 2 and 4 several robustly supported subclades were identified. Following the taxonomic scheme of Petersen (1978) , Ramariopsis subgenus Donkella and Clavaria subgenus Clavulinopsis are paraphyletic and Clavaria is polyphyletic. The genus Ramariopsis sensu Petersen is paraphyletic. Clavaria, Ramariopsis and Ramariopsis subgenus Laevispora sensu Petersen all are rejected as monophyletic groups with the SH test (TABLE II) . According to classifications of Corner (1950 Corner ( , 1970 , Ramariopsis is paraphyletic and Clavulinopsis is polyphyletic, both of which are strongly rejected as monophyletic entities by the SH-test (TABLE II) . Clavicorona is nested within Clavaria, and Ramariopsis subgenus Laevispora sensu Petersen is polyphyletic and nested within Ramariopsis sensu stricto. Details with respect to prior morphological-based classifications are presented in DISCUSSION.
Ancestral state reconstruction (ASR) analyses.-Eleven morphological and anatomical traits were subjected to ASR analyses to determine potential synapomorphic traits in the Clavariaceae. (Node numbers refer those in FIG. 8 .)
The presence of tramal clamp connections (node 1) appears to be the ancestral condition in the FIG. 6 ). It appears that the bifurcate basidial base, which is often interpreted as a wide, loop-like clamp connection, is associated with the loss of tramal clamp connections (node 7) except in Clavicorona. Simple-septate basidia and small apicular prominence may be morphological synapomorphies for a crown group of ClavariaCamarophyllopsis species, but the node (9) uniting this group of taxa is weakly supported by nLSU molecular data. Medium basidial size, roughened spores, branched sporocarps and short spore length characterize members of clade Ramariopsis (node 5).
Amyloid spore walls and a pendant sporocarp morphology are unique to species of Mucronella (node 2). It is likely the most recent common ancestor of the Clavariaceae featured amyloid spores. Inamyloid spore walls unite all other Clavariaceae (node 3). Clavicorona taxophila was reported by Dodd (1972) to have weakly amyloid spores, but Lickey et al. (2003) refuted this observation.
Echinulate-spored taxa have evolved more than once, but the roughened surface ornamentation found on spores of taxa of clade Ramariopsis (node 5) is a synapomorphic feature. Spore length was found to be informative for clade Ramariopsis (node 5), clade Holocoryne (node 8) and the previously mentioned crown group within Clavaria (node 9). Spore shape has little significant phylogenetic signal distinguishing only some smaller subclades of closely related tips. A positive reaction of sporocarp tissue to FeSO 4 (ferric salts) likewise has little phylogenetic utility. Many sporocarp colors (white, yellow, orange, purple) can be found distributed across most major clades of Clavariaceae, but white is inferred as the ancestral color. The transition to yellow sporocarps is a likely synapomorphy for clade Clavulinopsis (node 6).
Although considerable plasticity is observed in sporocarp structure, a pendant type unites species of Mucronella (node 2), a branching type joins species of clade Ramariopsis and a simple type appears to be a synapomorphy for the Clavaria-Camarophyllopsis-Clavicorona clade (node 7). Agaricoid (lamellate and stipitate-pileat) species of Camarophyllopsis appear to have evolved twice in the Clavaria-CamarophyllopsisClavicorona clade. However, the monophyly of Camarophyllopsis cannot be rejected by nLSU data alone (TABLE II) .
Stable isotopes.-The dual isotope values from Clavariaceae sampled here spanned much the range of that observed globally (FIG. 9) (FIG. 6) . If the two clades of Camarophyllopsis were treated as separate genera, one could be considered Camarophyllopsis sensu stricto (typified by C. schulzeri (Bres.) Herink) and the other a resurrected Hodophilus R. Heim (typified by C. foetens [W. Phillips] Arnolds). These results will require further verification with multigene data and increased taxon sampling because enforcing Camarophyllopsis sensu Arnolds as a monophyletic entity could not be rejected by the data at hand (TABLE II) .
Phylogenetic relationships.-Here we report that the Clavariaceae includes the genera Camarophyllopsis, Clavaria, Clavicorona, Clavulinopsis, Hyphodontiella, Mucronella and Ramariopsis. Scytinopogon was found to cluster with Trechispora P. Karst. in the Trechisporales as was proposed by Jü lich (1981) and not in the Clavariaceae as suggested by Corner (1950 Corner ( , 1970 and García-Sandoval et al. (2005) . Mucronella is monophyletic and the sister group to the rest of the Clavariaceae. The phylogenetic position of the Clavariaceae overall is not known with confidence, but recent work suggests the family may be the sister group to the rest of the Agaricales (Binder et al. 2010) . Our ASR analyses (TABLE III) Trechisporales (see also Larsson et al. 2011) *** Denotes topologies that are significantly worse (P , 0.05) when constrained to be monophyletic and compared to the ML tree using the SH test. for recognition of the group by more taxonomically inclusive studies of Agaricales (Matheny et al. 2006 , Binder et al. 2010 . Nevertheless, the most recent common ancestor of the Clavariaceae may have produced white sporocarps, possessed clamps throughout the trama and on the bases of the basidia, and had smooth spores that were most likely to be amyloid (TABLE III) . Discussion of the four major clades or lineages of Clavariaceae recovered in this study follow below.
Clade 1. This clade contains the genus Mucronella, and its type species M. calva (Alb. & Schwein.) Fr. Mucronella is recovered as sister to the remainder of the Clavariaceae with high bootstrap support (FIGS. 6, 8). Larsson et al. (2004) were the first to indicate a phylogenetic relationship between Mucronella and other groups of Clavariaceae. The genus was thought to be allied with the Russulales due to it similarity to Hericium Pers., culturability and amyloid spores (Harrison 1972) . Eight species are accepted worldwide (Kirk et al. 2008) . Seven independent clades that would correspond to phylogenetic species were recovered here from eight sequences representing five morphospecies. Synapomorphies for the clade include the pendant or positively gravitropic sporocarps, lignicolous habit and ability to grow as mycelia in culture (Stebbins and Robbins 1949) . The amyloidspored condition may be symplesiomorphic. In addition, the species in this clade have small basidia (10-20 mm long) and clamped tramal elements. No environmental isolates corresponding to Mucronella were found in GenBank.
Clade 2. This strongly supported inclusive group (FIGS. 6, 8) contains clades Ramariopsis and Clavulinopsis and corresponds well with Clavulinopsis sensu Jü lich (1985) . The unique combination of clamped basidia, clamped tramal hyphae, inamyloid spores and non-resupinate habit (node 4 , FIG. 8) unites the group as a whole. Basidiomata of many taxa react with ferric salts, producing a green or blue coloration, but this is not a consistent character. Ramariopsis and Clavulinopsis sensu Corner (1970) are paraphyletic and polyphyletic respectively. Ramariopsis sensu Petersen (1978) is paraphyletic, and his Clavaria subgenus Clavulinopsis is polyphyletic.
Within clade 2, clade Ramariopsis, typified by R. kunzei (Fr. : Fr.) Corner, receives high bootstrap support. Morphological characters that unite clade Ramariopsis include species with medium basidia (ca. 23-38 mm long), short spores (mean , 5.8 mm long) with roughened surface ornamentation, medium apicular prominence and branched basidiomata. Nearly all are white to tan or pale yellow, and many species react to ferric salts. This clade corresponds to Ramariopsis sensu Corner (1970) plus species with spores that appear smooth under light microscopy he classified as Clavulinopsis, which Petersen (1966) placed in Ramariopsis subg. Laevispora. Our results do not support Petersen's (1978 Petersen's ( , 1988 ) placement of subgenus Laevispora (typified by R. minutula [Bourdot & Galzin] R.H. Petersen) in synonymy with subgenus Donkella (typified by Cu. corniculata). Our data support the speculation of Pegler and Young (1985) that subgenus Laevispora does not delimit a natural assemblage of taxa and should be treated as a synonym of Ramariopsis subgenus Ramariopsis.
Sister to clade Ramariopsis is clade Clavulinopsis, typified by Cu. sulcata Overeem, which receives moderate to high bootstrap support (FIGS. 6, 8) . Morphological characters indicative of members of clade Clavulinopsis include large basidia (mean . 38 mm long) and likely large spores (mean . 5.8 mm long) with smooth walls. Some taxa react to ferric salts on the surface of their sporocarps and produce spores with distinctly large apiculi. Other species of clade Clavulinopsis centered around Cu. sulcata, and the Cu. aurantiocinnabarrina group do not react to ferric salts and have spores with small apiculi. Clavaria subgenus Clavulinopsis in the sense of Petersen is paraphyletic due to the inclusion of Ramariopsis subgenus Donkella represented by Cu. corniculata.
Lineage 3. This lineage contains the only published sequence of the genus Hyphodontiella, typified by H. multiseptata Å . Strid. Hyphodontiella is unique to the Clavariaceae by virtue of its resupinate sporocarps. The hymenophore is smooth. Hyphodontiella multiseptata is described with small basidia (10-20 mm long), navicular spores that are non-reactive in Melzer's reagent and that feature small apiculi and clamped, frequently septate, tramal elements. The phylogenetic position of H. multiseptata is weak, but nLSU data suggest it may be the sister lineage to the Clavaria-CamarophyllopsisClavicorona assemblage. Based on the literature, a second species, H. hauerslevii K.H. Larss. & Hjortstam, is distinct in having large cystidia, non-clamped tramal elements and elongate elliptic spores (Hjortstam and Larsson 1995) . Both species are known only from northern Europe. We suspect the genus may not be monophyletic given the presence of such conspicuous cystidia in H. hauerslevii. Clade 4. This large inclusive group encompasses the genera Clavaria, Camarophyllopsis and Clavicorona. These three genera are recovered in a single clade with robust support (FIGS. 6, 8) within which there is little resolution along the backbone. Multigene studies will be necessary to add any additional phylogenetic resolution within clade 4. Nonetheless, this group of taxa contains a high diversity of morphological character combinations including species with pseudocystidia, tramal clamp connections and inflated, truncate sporocarps (Clavicorona); pileate-stipitate sporocarps with lamellae with or without tramal clamp connections (Camarophyllopsis); and taxa lacking tramal clamp connections, with or without bifurcate clamp connections at the base of the basidia and primarily club-shaped to cylindrical sporocarps (Clavaria). The spores may be smooth, echinulate or echinulate-punctate, but known species do not produce a green or blue reaction to ferric salts. To our knowledge species of Camarophyllopsis have not been tested for ferric salt reactions.
Clavaria sensu Corner traditionally was recognized to contain species with typically secondarily septate tramal elements always lacking clamp connections, simple-septate basidia or basidia with bifurcate clamp connections, and cylindrical, club-shaped or coralloid sporocarps. Despite the lack of resolution among more deeply branching nodes, we have recovered several well supported terminal subclades within clade 4 (FIG. 8, nodes 8, 9, 10) . Species that descend from node 8 (clade Holocoryne) are distinguished from other well supported groups by the presence of bifurcating basida. Species descending from nodes 9 (clade Clavaria) and 10 (clade fumosa) feature simple-septate basidia. Clavaria, however, appears to be paraphyletic, but its monophyly in the sense of Corner cannot be rejected (TABLE II) given nLSU data only.
Members of Camarophyllopsis are polyphyletic and split into two well supported clades. Each clade may be defined by the structure of the pileipellis, but additional species remain to be sampled. No representatives of taxa with clamp connections have been sequenced (e.g. Camarophyllopsis dennisiana [Singer] Arnolds features clamp connections). Two separate evolutionary transitions to a pileate-stipitate sporocarp with lamellae are supported by our data, but the monophyly of Camarophyllopsis cannot be rejected presently (TABLE II) .
Clavicorona is a monotypic genus nested within Clavaria (clade 4) with strong bootstrap support (FIGS. 6, 8) . The combination of the following traits distinguishes it from the rest of the Clavariaceae: presence of pseudocystidia, cristate truncate apices and the differentiation of hymenium from a sterile upper surface. Corner (1950 Corner ( , 1970 and García-Sandoval et al. (2005) classified the genus Scytinopogon within the Clavariaceae based on sporocarp morphology and micromorphology. However, our results suggest that Scytinopogon clusters within the genus Trechispora in the Trechisporales (FIG. 7) . Although the type of the genus, S. pallescens (Pat.) Singer, has not been sampled, S. angulispora has been considered conspecific with S. pallescens by most authors (Corner 1950 , Petersen 1988 . A phylogenetic relationship between Scytinopogon and the Trechisporales was predicted by Jü lich (1981) and also has been reported independently in a conference abstract by Larsson et al. (2011) . FIG. 9 . Isotope biplot illustrating placement of samples of Clavariaceae and other fungal basidiomata analyzed in this study within a global dataset of basidiomata isospace. Black-filled triangles are biotrophic-categorized Clavariaceae fungi, black hollow triangles are control ectomycorrhizal taxa, black-filled diamonds are saprotrophic (SAP) Clavariaceae fungi and black hollow diamonds are other control SAP taxa. In the background are biotrophic and ECM taxa as gray hollow triangles and SAP taxa as gray hollow circles used in a discriminant multivariate analysis of 869 collector-categorized sporocarps. This global dataset include values from Mayor et al. (2009) with the addition of Ramaria spp. from Agerer et al. (2012) and span sites from tropical, temperate, boreal and arctic biomes.
Saprotrophic and biotrophic nutritional modes in the clavariaceae.-Few studies have assessed the nutritional mode of species of Clavariaceae. However, those who have done so point to possible biotrophic associations with species of Ericaceae. A species in the Clavaria fragilis group has been shown to be directly associated with cortical root cells in Rhododendron using serological and morphological evidence (Seviour et al. 1973) . Clavaria argillacea Pers. : Fr. has been shown to exchange nutrients with ericoid hosts using direct isotope application (Englander and Hull 1980 (Hobbie and Hobbie 2006) , thus justifying our discriminant-based categorizations. This model has the added benefit of also explaining boreotemperate patterns in 15 N-depletion of ECM-associating host plants (Craine et al. 2009 ) and has been verified along successional chronosequences (Hobbie et al. 2005) and in the laboratory (Kohzu et al. 2000) . It remains possible, however, that many sporocarps are further 15 N enriched due to additional reasons. For instance, the preferential use of 15 N-enriched N sources (e.g. protein and chitin) as well as internal processing and loss of isotopically light N compounds also have been posited to contribute to patterns of 15 N enrichment in sporocarps (Brearley et al. 2005 , Dijkstra et al. 2008 , Hobbie et al. 2008 . Hyphal exploration types Agerer 2009, Agerer et al. 2012 ) and depth of mycelial growth (Lindahl et al. 2007 ) are also likely to contribute to the 15 N enrichment of sporocarps for similar reasons related to the d 15 N value of distinct N sources.
Although the type of hyphal exploration type is currently unknown for most fungi, including those reported here (see DEEMY, www.deemy.de), and the isotopic values of the forms of N used by ECM fungi are also generally unknown, we can speculate as to possible reasons for above average 15 N enrichment based on the ecological associations of many Clavariaceae fungi with members of the Ericaceae or other plants as discussed below. It is commonly held that some taxa of fungi can form both ecto-and ericoid mycorrhizal morphologies (Bergero et al. 2000) and that these fungi are believed to exhibit the enzymatic capacity for the degradation of numerous recalcitrant compounds (Lilliskov et al. 2002, Read and PerezMoreno 2002) . It is intriguing to speculate that the above average 15 N enrichment present in Clavaria, Clavulinopsis and Ramariopsis may betray a protein or organic N-based nutritional mode.
Our results are very similar to those of Seitzman et al. (2011) for the Hygrophoraceae in the irregular isotopic ratios that are assigned in our analysis suggest strong biotrophy among non-lignicolous Clavariaceae. It is interesting that both Hygrophoraceae and Clavariaceae are commonly encountered in similar habitats (grasslands in Europe and forests in North America) and quite often close to each other. The Clavariaceae may be involved in a previously unknown nutritional status as suggested by Griffith et al. (2002) and Seitzman et al. (2011) for the Hygrophoraceae and Tedersoo et al. (2010) for both.
Analysis of GenBank environmental sequences.-Performing a meta analysis of published studies pertaining to the trophic strategies of various genera, Rinaldi et al. (2008) considered Clavaria (among other genera in the Clavariaceae) as saprotrophic. This study, however, neglected to report the ericoid associations of Seviour et al. (1973) and Englander and Hull (1980) . Only two references under ''root tip molecular'' are cited (Burke et al. 2005 (Burke et al. , 2006 . The GenBank reference sequence to which the root-tip samples (AY456373) were compared is not Clavaria sp. but instead Clavulina sp. based on BLAST similarity.
Of particular interest are environmental sequences EU691875 and EU692436 (Picea glauca rhizosphere samples), the former identified by us a Ramariopsis, the latter nearly identical to a Clavaria flavipes Pers. : Fr. sequence. Also, environmental sequence FM997944 (Vaccinium uliginosum hair root sample) is almost identical to Clavaria argillacea, the same species implicated in a mutualistic symbiosis with Ericaceous hosts (Englander and Hull 1980) . These environmental data, although sparse, in combination with biotropic stable isotope signatures, suggest a biotrophic nutritional mode for non-lignicolous Clavariaceae.
